Pharmacological activation of the constitutive androstane receptor (CAR) protects the liver during cholestasis. The current study evaluates how activation of CAR influences genes involved in bile acid biosynthesis as a mechanism of hepatoprotection during bile acid-induced liver injury. CAR activators phenobarbital (PB) and 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP) or corn oil (CO) were administered to C57BL/6 wild-type (WT) and CAR knockout (CAR-null) mice before and during induction of intrahepatic cholestasis using the secondary bile acid, lithocholic acid (LCA). In LCA-treated WT and all the CAR-null groups (excluding controls), histology revealed severe multifocal necrosis. This pathology was absent in WT mice pretreated with PB and TCPOBOP, indicating CAR-dependent hepatoprotection. Decreases in total hepatic bile acids and hepatic monohydroxy, dihydroxy, and trihydroxy bile acids in PB-and TCPOBOP-pretreated WT mice correlated with hepatoprotection. In comparison, concentrations of monohydroxylated and dihydroxylated bile acids were increased in all the treated CAR-null mice compared with CO controls. Along with several other enzymes (Cyp7b1, Cyp27a1, Cyp39a1), Cyp8b1 expression was increased in hepatoprotected mice, which could be suggestive of a shift in the bile acid biosynthesis pathway toward the formation of less toxic bile acids. In CAR-null mice, these changes in gene expression were not different among treatment groups. These results suggest CAR mediates a shift in bile acid biosynthesis toward the formation of less toxic bile acids, as well as a decrease in hepatic bile acid concentrations. We propose that these combined CAR-mediated effects may contribute to the hepatoprotection observed during LCA-induced liver injury.
one of the most toxic bile acids, the monohydroxy bile acid LCA was selected to produce intrahepatic cholestasis in this study (Kitada et al., 2003; Zhang et al., 2004) .
Bile acid concentrations are regulated by negative feedback control under normal conditions. When present in excess, bile acids bind to the nuclear receptor farnesoid X receptor (FXR), and a cascade of events results in the down-regulation of the rate-limiting enzyme CYP7A1. Lower levels of CYP7A1 result in reduced bile acid production via a decrease the conversion of cholesterol into bile acids. When the excretion of bile acids is disrupted by disease, bile acids accumulate in hepatocytes, resulting in cholestasis. Once bile acid concentrations exceed their critical micellar concentration, they no longer aggregate with phospholipids as micelles. At that point the hydrophobic properties of bile acids are cytotoxic, leading to apoptotic or necrotic cell death. Excess concentrations of bile acids also cause adaptive changes in the liver, such as decreased hepatobiliary transport (Zollner et al., 2003) . For example, Fickert et al. (2006) have shown that administration of LCA for 4 days in mice can result in hepatocellular necrosis with significant reductions in basolateral bile acid uptake (Ntcp, Oatp1) and increased expression of sinusoidal bile acid efflux transporters (Mrp3). These adaptive changes in the liver represent an attempt to protect cells from the inherent toxicity of accumulating bile acids. Interestingly, Yu et al. (2002) report that LCA is an FXR antagonist. This finding contrasts the effects of CDCA, which activates FXR to increase bile salt export pump expression and facilitate bile acid excretion. This down-regulation of a bile acid efflux transporter, such as bile salt export pump, by LCA may also help explain why this monohydroxylated bile acid is considered one of the most toxic bile acid species.
Phase I cytochrome P450 enzymes (P450s) have broad substrate specificity and catalyze the oxidation of a diverse array of structurally dissimilar compounds, including bile acids. In addition to CYP7A1, other P450s participate in bile acid biosynthesis. CYP8B1 forms the primary bile acid CA, whereas CYP27A1, CYP7B1, and CYP39A1 are involved in bile acid synthesis through the alternative pathway, derived from oxysterols. Expression of bile acid synthesis and detoxication enzymes is tightly regulated by nuclear hormone receptors and other transcription factors. One such nuclear receptor is constitutive androstane receptor (CAR). CAR assists in the regulation of bile acid metabolism by inducing phase I and II enzymes, as well as bile acid transport proteins. For example, CYP3A4 (Cyp3a11 rodent homolog) participates in bile acid detoxication via 6␣-hydroxylation of LCA (Araya and Wikvall, 1999) . The addition of this hydroxyl group makes the molecule more hydrophilic, which promotes elimination. In addition, phase II sulfotransferase enzyme (SULT2A1) adds a sulfate moiety to LCA to increase its water solubility and subsequent excretion (Kitada et al., 2003) . Both CYP3A4 and SULT2A are downstream targets of CAR.
Previous studies have shown that pretreatment of mice with CAR activators phenobarbital (PB) or 1,4-bis[2,5-dichloropyridyloxy)]benzene (TCPOBOP) protects against the hepatotoxicity of LCA-induced cholestasis (Saini et al., 2004; Zhang et al., 2004; Beilke et al., 2008) . The hepatoprotective effect of these chemicals during cholestasis is hypothesized to occur via an increase in the expression of bile acidmetabolizing enzymes, such as CYP3A, sulfotransferases, and glucuronosyltransferases (Saini et al., 2004; Zhang et al., 2004; Wagner et al., 2005) , as well as up-regulation of hepatic efflux transporters, such as the multidrug resistance-associated proteins 3 and 4 (Bohan et al., 2003; Assem et al., 2004; Teng and Piquette-Miller, 2007) . Unlike its adverse effects on the metabolism of acetaminophen whereby several P450 enzymes are up-regulated that convert acetaminophen to reactive metabolites (N-acetyl-p-benzoquinone imine), CAR activation during cholestasis positively regulates bile acid metabolism and bilirubin clearance via enhanced solubility and efflux transport (Kakizaki et al., 2008) . Whereas changes in bile acid metabolism seem to be important in protecting against cholestatic liver injury, the up-regulation of efflux transporter expression is not consistently found in models of hepatoprotection from cholestasis (Beilke et al., 2008) , indicating that other mechanisms probably contribute to the hepatoprotection. CAR as well as pregnane X receptor have been shown to repress Cyp7A in response to LCA, suggesting a protective role by decreasing bile acid production (Staudinger et al., 2001; Stedman et al., 2005) . As such, a decrease in total liver bile acids in protected PB-and TCPOBOP-pretreated mice that was observed in our previous studies on LCA-induced hepatotoxicity led us to further explore the effects of CAR activation on individual bile acid concentrations and the genes that regulate bile acid biosynthesis.
Materials and Methods
Materials. PB, TCPOBOP, LCA, taurolithocholate 3-sulfate, taurochenodeoxycholic acid, and glycocholic acid were purchased from Sigma-Aldrich (St. Louis, MO). Tauro-␤-muricholic acid, ␣-muricholic acid, and ␤-muricholic acid were purchased from Steraloids (Newport, RI). The remaining bile acids were a gift from Dr. Jesse Martinez (University of Arizona, Tucson, AZ).
Animals. Ten-week-old adult male C57BL/6 (Charles River Laboratories, Inc., Wilmington, MA) wild-type (WT) or CAR knockout (CAR-null) mice were weight-matched into treatment groups (n ϭ 4 -6 mice/group). Breeding pairs of CAR-null mice in the C57BL/6 background were obtained from Dr. Ivan Rusyn (University of North Carolina, Chapel Hill, NC), which were engineered by Tularik, Inc. (South San Francisco, CA) as described previously (Ueda et al., 2002) . Animals received 3 days of CAR activator pretreatment (PB 80 mg/kg) or corn oil (CO) in the control groups via intraperitoneal injection in a volume of 2.5 ml/kg. On the 4th day, LCA administration was started (125 mg/kg twice daily, i.p.), and the CAR activator treatment in combination with LCA was continued for another 3 days. TCPOBOP (3 mg/kg, i.p.) pretreatment was begun on day 3 and continued during LCA treatment. Animals were euthanized approximately 12 h after the last LCA treatment, and livers were removed and stored at Ϫ80°C. Urine and serum were collected at necropsy and then stored at Ϫ80°C until needed for bile acid analysis. Animals were maintained in a 12-h light/dark cycle with access to food and water ad libitum. The experimental protocol was approved by the University of Kansas Medical Center Institutional Animal Care and Use Committee (IACUC), and humane care of the animals was in accordance with the criteria outlined in the Guide for the Care and Use of Laboratory Animals (National Research Council, 1996) .
Liver Histology. Midsections of the left liver lobe from each mouse were fixed in 10% neutral buffered formalin. Tissues from two mice per treatment group were embedded in paraffin, and 5-m sections were stained with hematoxylin and eosin according to a standard staining protocol. Under treatment-blinded conditions, the tissues were evaluated for liver injury by a board-certified veterinary pathologist.
Bile Acid Extraction. Liver samples were homogenized in a 1:1 solution of t-butanol/water (approximately 200 mg of liver/ml) and extracted overnight as described previously (Mennone et al., 2006) . Samples were centrifuged at 10,000g for 20 min, and the supernatant was removed and placed in a SpeedVac (Thermo Fisher Scientific, Waltham, MA) until dry. Samples were then reconstituted with saline in a volume equal to the liver weight (milligrams per microliters) and stored at Ϫ80°C. Serum samples were mixed with chilled acetone (1:4), shaken vigorously, and left on ice for 5 min before centrifugation at 10,000g for 3 min (Daykin et al., 2002) . The supernatant was removed and stored at Ϫ80°C. No extraction procedure was conducted on urine samples.
Total Bile Acid Analysis. Extracted liver samples were analyzed for total bile acid concentrations in a reaction catalyzed by 3␣-hydroxysteroid dehydrogenase using the total bile acids assay kit by Diazyme Laboratories (Poway, CA). Total bile acid concentrations were quantified in triplicate according to the manufacturer's instructions.
Individual Bile Acid Analysis by High-Performance Liquid Chromatography/Electrospray Ionization/Tandem Mass Spectrometry. Urine and extracted liver and serum samples were removed from Ϫ80°C and allowed to thaw at room temperature. The chromatography was conducted with a capillary high-performance liquid chromatography (HPLC) system from PackingsDionex (Amsterdam, The Netherlands) and comprised an UltiMate quaternary pump and a FAMOS autosampler. An Aquasil C18 reversed-phase column (3-m particle size, 1 ϫ 150 mm) was used for chromatography with a precolumn (1 ϫ 10 mm) containing C18 reversed-phase resin (Thermo Fisher Scientific). HPLC mobile phase A consisted of 3 mM ammonium formate in H 2 O, pH 5.2, and B was 3 mM ammonium formate in 10% H 2 O and 90% CH 3 CN. The separation of bile acids was accomplished with a linear gradient starting from 95% A and 5% B held for 1 min going to 70% A and 30% B for 1:10 min, and then increasing to 100% B over 10 min at a flow rate of 50 l/min using a 2-l injection of extract and standards. Samples were diluted to 200 l with the 70:30 solution of mobile phases A/B. Bile acid detection and quantification were done by electrospray ionization (ESI)/tandem mass spectrometry with a Waters (Milford, MA) Micromass Quattro Ultima triple quadrupole mass spectrometer. Quantitative analysis was performed in negative ionization mode using the selected reaction monitoring transitions specific for each bile acid. The specific selected reaction monitoring transitions were determined by direct infusion of standards. Separation of DCA and CDCA under the HPLC conditions used for this study was not possible; therefore, these bile acids are presented together as DCA/CDCA.
Development of Specific Oligonucleotide Probe Sets for Branched DNA Analysis. Probe sets for mouse Cyp3a11, Cyp7a1, Cyp7b1, Cyp8b1, Cyp27a1, Cyp39a1, Sult2a1/2, Ugt1a1, and bile acid-CoA amino acid N-acyltransferase (BAT) and FXR were used for quantification of mRNA expression. Mouse gene sequences were acquired from GenBank (National Center for Biotechnology Information, Bethesda, MD). Multiple oligonucleotide probe sets (capture extender, label extender, and blocker probes) were designed using Probe Designer software version 1.0 (Bayer Corp., Emeryville, CA) to be highly specific to a single mRNA transcript. The development of several probe sets for mice has been previously published: Cyp3a11 (Maher et al., 2005) , Ugt1a1 (Buckley and Klaassen, 2007) , and Sult2a1/2 (Alnouti and Klaassen, 2006) . The probe set sequences for mouse Cyp7a1, Cyp7b1, Cyp8b1, Cyp27a1, Cyp39a1, FXR, and BAT are described in Supplemental Table 1. All of the oligonucleotide probes were designed with a T m of approximately 63°C, enabling optimal hybridization conditions to be held constant (i.e., 53°C). Each probe designed in Probe Designer was submitted to the National Center for Biotechnology Information for nucleotide comparison by the basic local alignment search tool (BLASTn) to ensure minimal cross-reactivity with other mouse sequences.
RNA Isolation and mRNA Expression (Branched DNA Assay). Total RNA was isolated from liver using RNA Bee reagent (Tel-Test Inc., Friendswood, TX) according to the manufacturer's instructions. The concentration of total RNA in each sample was quantified spectrophotometrically at 260 nm. RNA integrity was confirmed by visualization of intact 18S and 28S rRNA under UV light. The branched DNA (bDNA) assay was used to quantify mRNA expression as described previously (Beilke et al., 2008) .
Statistical Analysis. For all the quantitative data, the mean and S.E.M. were calculated. Statistical differences were determined using one-way analysis of variance followed by Duncan's multiple range post hoc test using Statistica software, version 4.5 (StatSoft, Tulsa, OK). Asterisks ‫)ء(‬ represent statistical differences ( p Յ 0.05) between the control and treated groups, whereas daggers ( †) represent a statistical difference ( p Յ 0.05) between the LCA-only treated group and other treated groups.
Results
Evaluation of Liver Histopathology. After chemical pretreatment with CAR activators and induction of intrahepatic cholestasis, mouse livers were evaluated for hepatoprotection using histopathology ( Fig. 1) . Control WT and CAR-null mice exhibited normal histopathology with minimal hepatocellular vacuolization, whereas both genotypes of LCA-treated mice displayed a similar degree of severe multifocal hepatic necrosis, diffuse vacuolization, and infiltrating neutrophils consistent with cholestasis. Pretreatment of WT mice with the CAR activators PB and TCPOBOP protected against LCAinduced injury, and histopathology in these groups was similar to that observed in WT CO control mice. None of the CAR activator pretreatments were hepatoprotective in CAR-null mice, in which multifocal hepatocellular necrosis was observed, showing the importance of CAR in hepatoprotection.
Total Liver Bile Acid Concentrations and FXR Expression. Total bile acid concentrations were quantified as depicted in Fig. 2A . Basal concentrations of total bile acids were similar between WT and CAR-null mice. Bile acid concentrations in LCA-treated WT mice alone were increased 5.4-fold above CO controls, and this seems to correlate with the necrosis observed histologically. Likewise, bile acid concentrations in LCA-treated CAR-null mice were increased 4.2-fold above control levels in CAR-null mice. LCA in combination with PB or TCPOBOP pretreatment in WT mice prevented the increase in total bile acid concentrations caused by LCA treatment alone. Bile acid concentrations in the hepatoprotected PB and TCPOBOP WT mice were similar to basal levels observed in CO control mice.
Expression of FXR, the main nuclear receptor involved in bile acid regulation, was significantly reduced by LCA treatment (56%) compared with expression in CO controls (Fig. 2B) . It is interesting to note that FXR expression was up-regulated 1.8-fold in TCPOBOPpretreated WT mice but not by PB pretreatment. Across treatment groups, FXR expression was clearly reduced in CAR-null mice com- A midsection of the left liver lobe was removed and fixed from each animal. Tissues were stained with hematoxylin and eosin, and histopathology was determined under treatment-blinded conditions by a board-certified veterinary pathologist. Two animals per treatment group were evaluated, and pictures are representative of treatment group pathology. Multifocal hepatic necrosis (arrows) is easily distinguished from surrounding parenchyma and is more extensive in mice treated with LCA; 50ϫ magnification.
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Hepatic Concentrations of Individual Bile Acids. Data on individual bile acids in livers of WT mice analyzed by HPLC/ESI/tandem mass spectrometry are presented in Table 1 . To ascertain overall changes in the types of individual bile acids, the concentrations of monohydroxylated, dihydroxylated, and trihydroxylated bile acids were grouped and averaged, and are presented in Fig. 3 . Basal expression of monohydroxylated bile acids was reduced 87% in CAR-null mice compared with WT controls. As expected, LCA treatment increased monohydroxylated bile acid concentrations (LCA and taurolithocholic acid sulfate) above CO control mice in both genotypes (WT 4-fold, CAR-null 94-fold). Pretreatment of WT mice with PB and TCPOBOP prevented the increase in monohydroxy, dihydroxy, and trihydroxy bile acids caused by LCA treatment alone. Likewise, in CAR-null mice, pretreatment with PB (77%) and TCPOBOP (70%) reduced the increases in monohydroxy bile acid concentrations caused by LCA.
Basal concentrations of dihydroxylated bile acids (DCA/CDCA, taurochenodeoxycholic acid, ursodeoxycholic acid) were similar between WT and CAR-null mice. LCA treatment increased the concentrations of dihydroxylated bile acids in both genotypes (WT 39-fold, CAR-null 32-fold). Pretreatment with PB or TCPOBOP in WT mice prevented the increase caused by LCA. In addition, the increase was not significantly reduced by PB or TCPOBOP pretreatment in CARnull mice.
Basal concentrations of trihydroxylated bile acids (␣-muricholic acid, ␤-muricholic acid, tauro-␤-muricholic acid, TCA, glycocholic acid, CA) tended to be slightly higher in CAR-null mice compared with WT controls. Concentrations of trihydroxylated bile acids were highest in LCA-treated mice of both genotypes and reduced by pretreatments in WT and CAR-null mice.
Hepatic mRNA Expression: Phase I Enzymes. Expression of several enzymes involved in bile acid biosynthesis is shown in Fig. 4 . No changes in basal Cyp3a11 expression were observed between genotypes. Likewise, LCA did not alter the expression of Cyp3a11 in mice of either genotype. However, pretreatment with PB or TCPOBOP increased Cyp3a11 expression by 2.1-and 4.7-fold, respectively, in WT mice. The mRNA levels of Cyp3a11 were unchanged in all the groups of CAR-null mice. Cyp2b10, the hallmark gene product of CAR activation, was increased in WT mice pretreated with PB (11-fold) and TCPOBOP (116-fold) compared with both CO control and LCA-only groups (data not shown).
Basal expression of Cyp7a1 (rate-limiting enzyme involved in conversion of cholesterol into bile acids) was reduced 75% in CAR-null mice compared with WT controls. Expression was also reduced 89% in LCA-treated WT mice but was increased 1.8-fold with TCPOBOP pretreatment. Expression of Cyp7a1 was similar between treatment groups of CAR-null mice. In WT mice, LCA reduced or maintained the expression of Cyp7b1, Cyp8b1, Cyp27a1, and Cyp39a1, but all were significantly up-regulated by both PB and TCPOBOP pretreatments. Basal expression of Cyp7b1, which is involved in the formation of dihydroxylated CDCA, was reduced 69% in CAR-null mice compared with WT controls. In WT mice, Cyp7b1 expression was also reduced 69% by LCA and partially restored by PB and TCPOBOP pretreatments. 
at ASPET Journals on June 26, 2017 dmd.aspetjournals.org LCA alone or in combination with CAR activators did not alter Cyp7b1 expression in CAR-null mice. Basal expression of Cyp8b1 was reduced 27% in CAR-null mice compared with WT controls. The amount of Cyp8b1 present determines the ratio of primary bile acids, CA and CDCA. With that in mind, the expression of Cyp8b1 was reduced 93% by LCA treatment in WT mice, indicating a shift toward CDCA formation and the downstream synthesis of highly toxic LCA. In contrast, pretreatment with PB and TCPOBOP was able to maintain Cyp8b1 expression near control levels, thus preserving the formation of trihydroxylated CA. Cyp8b1 mRNA in CAR-null mice was decreased by LCA (83%) and was similarly low in mice pretreated with CAR activators.
Basal levels of Cyp27a1, which is involved in the formation of oxysterols via the alternative bile acid pathway, were unchanged between Tri-hydroxylated genotypes. Cyp27a1 expression was reduced 43% by LCA in WT mice. Conversely, expression was maintained by PB and elevated by TCPOBOP pretreatments (1.3-fold). In CAR-null mice, Cyp27a1 mRNA was lowered by LCA (59%) treatment. This decrease in CYP27a1 in CAR-null mice was not prevented by PB or TCPOBOP pretreatments. Basal expression of Cyp39a1, another enzyme involved in the alternative pathway, was also unchanged between genotypes. Cyp39a1 expression was maintained at basal levels by LCA treatment but increased by PB (2.5-fold) and TCPOBOP (6.0-fold) pretreatments, whereas expression was maintained at basal levels in CAR-null mice.
Hepatic mRNA Expression: Phase II Enzymes. Figure 5 shows the expression of three phase II enzymes involved in bile acid metabolism. Glucuronidation of bile acids increases their water solubility and enhances excretion. In WT mice, Ugt1a1 expression was reduced 65% by LCA, indicating a reduction in the ability to detoxify bile acids. However, pretreatment with PB and TCPOBOP in combination with LCA increased Ugt1a1 expression 3.6-and 3.8-fold, respectively, above LCA alone. Expression of Ugt1a1 was similarly low between groups of CAR-null mice. Expression of Sult2a1/2, the enzyme responsible for adding a sulfate moiety to LCA to render it less toxic, was up-regulated 3.5-fold by LCA in CAR-null mice but not significantly changed in WT mice. Sult2a1/2 is regulated by CAR activators, and, not surprisingly, expression was elevated 9.4-fold above basal levels by TCPOBOP pretreatment in WT mice (Assem et al., 2004) , whereas expression of Sult2a1/2 by CAR activators in CAR-null mice was not increased. Expression of BAT, the enzyme responsible for adding an amino acid (glycine or taurine) to bile acids to increase their aqueous solubility and excretion, was reduced 58% by LCA, whereas the ability to reduce the toxicity of bile acids via conjugation with BAT was maintained in mice pretreated with PB and TCPOBOP as expression remained near basal levels. Expression of BAT was lower in CAR-null mice and was not significantly different among groups.
Discussion
The ability of CAR to regulate bile acid metabolism highlights its importance in mitigating cholestasis. In this study, the role of CAR in regulating genes involved in bile acid biosynthesis during intrahepatic cholestasis was examined as a possible mechanism for hepatoprotection. In addition, this is the first study to comprehensively characterize the changes in total and individual liver bile acids in WT and CAR-null mice during LCA-induced liver injury. These data show CAR-mediated hepatoprotection in PB-and TCPOBOP-pretreated WT mice. Histopathology in the hepatopro- tected groups correlates with decreased serum alanine aminotransferase levels as observed in previous studies (Beilke et al., 2008) . In contrast, the absence of CAR during LCA treatment results in severe liver damage, thus underscoring the necessity of CAR during hepatoprotection.
Liver histology evaluated in the CAR activators used in the present study (PB, TCPOBOP) has been similarly reported in previous studies to be similar to controls (Annapurna et al., 1989; Davies et al., 1991; Huang et al., 2005; Baskin-Bey et al., 2007) . The hepatoprotection observed in WT mice in the current study is consistent with findings from Zhang et al. (2004) , who showed that pretreatment with TCPOBOP protects mice from 5 days of LCA administration (250 mg/kg). Likewise, activation of CAR by TCPOBOP conferred protection against LCA-induced hepatotoxicity in mice (Saini et al., 2004) . Further support of the hepatoprotective effects of CAR activation during cholestasis is suggested in the present study by the decrease in individual serum bile acids quantified in the hepatoprotected PB-and TCPOBOP-pretreated WT mice compared with those receiving LCA only. In addition, observed was a decrease in total hepatic bile acid concentrations in PB-and TCPOBOP-pretreated mice compared with LCA alone. These findings are consistent with previous findings where total hepatic bile acid concentrations were significantly lower in PB-and TCPOBOP-hepatoprotected mice compared with those treated with LCA alone (Beilke et al., 2008) . As mentioned, several studies have shown the hepatoprotective properties of CAR during cholestasis; however, the mechanism underlying the protection has not been fully elucidated.
The increase in total liver bile acids in both genotypes of LCAtreated mice correlates with reduced expression of Cyp7a1, as would be expected from the negative feedback regulation of bile acids. As bile acid concentrations increase, FXR is activated to decrease the production of bile acids via decreased Cyp7a1. Following this logic, one would expect to see an increase in FXR expression; however, expression of FXR was not increased in either genotype of LCAtreated mice. Possible explanations for this lack of effect include the idea that expression of FXR many not directly translate into protein activity and/or the degree of expression present was sufficient to regulate Cyp7a1. It is interesting to note that FXR expression was significantly reduced in all the groups of CAR-null mice, suggesting a role for CAR in the regulation of FXR. This also indicates that hepatic bile acid concentrations are not the only factors involved in activation of FXR. Considering the complexity of bile acid regulation with the involvement of multiple nuclear receptors (e.g., LXR, pregnane X receptor, vitamin D receptor), it is not surprising that CAR may work coordinately with FXR to regulate bile acids. Early research has suggested that the toxicity of bile acids is inversely proportional to the number of hydroxyl groups on the steroid nucleus (Schölmerich et al., 1984) . With that in mind, we speculated that hepatoprotection via activation of CAR might occur as a result of altered bile acid composition in the form of reduced individual bile acids. Indeed, the increase in monohydroxylated and dihydroxylated bile acid concentrations caused by LCA was reduced in the protected PB-and TCPOBOP-pretreated mice. Monohydroxylated bile acids are considered the most toxic bile acids; thus, the 4-fold increase above basal levels in LCA-treated WT mice most likely contributes to the multifocal hepatic necrosis that was observed in these mice (Fig. 1) . The significant increase in monohydroxylated bile acids observed in LCA-only treated mice of both genotypes is also consistent with an increase in total bile acid concentrations. However, WT mice pretreated with PB or TCPOBOP were able to maintain basal concentrations of individual bile acids to near basal levels, whereas in CAR-null mice, both monohydroxylated and dihydroxylated bile acids were increased above control levels. Individual bile acid concentrations were also measured in the serum and urine of WT mice; however, minimal changes were observed. There was a general trend for increased taurine-conjugated bile acids in the serum of LCAtreated mice compared with control, PB, or TCPOBOP groups. In contrast to humans, conjugation of bile acids occurs more predominantly with taurine rather than glycine in mice. An increase in serum or urine bile acid concentrations may be expected as an indicator of elimination; however, bile acid concentrations were already decreased in the livers of protected mice, thus alleviating the need to excrete bile acids into serum or urine.
Individual bile acids are regulated by several P450s. The most biologically significant change in gene expression produced by the CAR activators was that of Cyp8b1, which is responsible for producing the primary bile acid, CA. Trihydroxylated bile acids such as CA are less toxic to cell membranes than other bile acid species with fewer hydroxyl The 7␣-hydroxylation of cholesterol by CYP7A1 is the rate-limiting enzyme in the neutral pathway. The neutral pathway is considered the most important pathway for bile acid formation in humans, whereas the acidic pathway is important for the removal of cholesterol from extrahepatic tissues, and it seems to be able to compensate for the neutral pathway when it is repressed to maintain bile acid formation. Boxed area highlights the shift in biosynthesis via up-regulation of Cyp8b1 in hepatoprotected mice. 
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at ASPET Journals on June 26, 2017 dmd.aspetjournals.org groups. Cyp8b1 expression was significantly reduced by LCA treatment in both genotypes compared with CO controls. However, with the addition of PB and TCPOBOP pretreatment, the reduction caused by LCA treatment was absent, and expression was maintained near basal levels. The maintenance of Cyp8b1 expression in PB-and TCPOBOP-pretreated mice correlated with histologic hepatoprotection in these groups and implies a shift in the bile acid biosynthesis pathway toward the formation of CA and other less toxic dihydroxylated and trihydroxylated bile acids (Fig. 6) . The fact that Cyp8b1 expression was not completely restored to basal levels in PB-and TCPOBOP-pretreated mice may explain why dihydroxylated and trihydroxylated bile acid concentrations were not increased further.
It is interesting to note that the hepatic concentration of CDCA was also decreased in the two hepatoprotected groups compared with LCA alone. This may be the result of increased or maintained expression of Cyp7b1 and Cyp27a1, which would shift the bile acid synthesis route toward the oxysterol route, thereby indirectly decreasing the amount of CDCA produced. Cyp7b1 and Cyp27a1, along with Cyp3a11 and Cyp39a1, were maintained and/or increased in the hepatoprotected PB-and TCPOBOP-pretreated WT mice compared with LCA-only mice, whereas these changes were not observed in CAR-null mice. Thus, CAR may regulate the expression of selected P450 isoforms involved in the formation of primary bile acids. Further examination of this effect is required to definitively determine whether CAR has a direct role in the regulation of these CYP genes, or whether CAR indirectly alters other transcriptional mechanisms by affecting their signaling cascades. The lack of relevant changes in bile acid biosynthesis genes along with the significant hepatocellular necrosis in CAR-null mice further supports the importance of bile acid composition in the hepatoprotection from bile acid-induced toxicity.
The ability to conjugate bile acids was generally maintained or increased in hepatoprotected mice. Ugt1a1 expression was increased in hepatoprotected mice, and it is important for the glucuronidation of bilirubin, as evidenced by Crigler-Najjar syndrome, in which there is a complete loss of Ugt1a1 function that results in severe hyperbilirubinemia that can be fatal if left untreated (Jansen, 1999) . Expression of Sult2a1/2 was up-regulated in WT mice pretreated with TCPOBOP, which could contribute to the decreased hepatotoxicity observed in this group. However, expression of Sult2a1/2 was not similarly up-regulated in mice pretreated with PB. This indicates that sulfation of bile acids may aid, but not cause, the overall protection from LCA-induced toxicity. Sult2a1/2 was also increased in LCA-treated CAR-null mice, which is consistent with hydroxysteroid sulfotransferase-mediated LCA sulfation as a major pathway for protection against LCA-induced liver damage (Kitada et al., 2003) . Because LXR has been associated with increased expression of Sult2a, it is likely that the increase observed in CAR-null mice was a result of LXR (Uppal et al., 2007) .
Expression of BAT, the enzyme involved in the amidation of bile acids, was maintained at control levels by PB and TCPOBOP pretreatments compared with LCA. In mice, BAT primarily conjugates bile acids with taurine (Shonsey et al., 2005) , as evidenced in Table 1 by the higher individual concentrations of taurine-conjugated bile acids compared with glycine (e.g., taurochenodeoxycholic acid versus glycochenodeoxycholic acid and TCA versus glycocholic acid). Upregulation of bile acid-conjugating enzymes also correlates with increased urinary excretion of dihydroxylated and trihydroxylated bile acids in the TCPOBOP-pretreated mice. These data are consistent with previous reports on the importance of CAR on conjugation enzymes during hepatoprotection Huang et al., 2003; Wagner et al., 2005) .
Taken together, these data show a correlation between hepatoprotection and decreased total and individual bile acid concentrations, effects not observed in CAR-null mice. Several bile acid biosynthesis genes were up-regulated by strong CAR activators in hepatoprotected mice, and the lack of these expression changes in CAR-null mice suggests potential downstream control by CAR. The maintenance of Cyp8b1 in hepatoprotected mice indicates a possible shift in the bile acid biosynthesis pathway to the formation of CA and other less toxic bile acids, which may be a contributing factor to the protection afforded by CAR. These novel findings add to the body of knowledge surrounding bile acid-induced toxicity during cholestasis and indicate that the regulation of bile acid biosynthesis by CAR may contribute as a mechanism of hepatoprotection from bile acid-induced toxicity.
